ZrO 2 @SiO 2 core-shell submicron particles are promising candidates for the development of advanced optical materials. Here, submicron zirconia particles were synthesized using a modified sol-gel method and pre-calcined at 400 C. Silica shells were grown on these particles (average size: $270 nm) with well-defined thicknesses (26 to 61 nm) using a seeded-growth Stöber approach. To study the thermal stability of bare ZrO 2 cores and ZrO 2 @SiO 2 core-shell particles they were calcined at 450 to 1200 C.
Introduction
Core-shell nano-and microparticles represent a novel class of functional materials with numerous prospective applications. For example, they are well-suited for applications in catalysis, [1] [2] [3] [4] [5] [6] [7] high performance liquid chromatography, [8] [9] [10] as well as biomedical diagnosis and therapy. 6, 7, [11] [12] [13] [14] [15] Furthermore, they are highly promising candidates for the development of advanced optical materials, which are needed, e.g., for thermophotovoltaic (TPV) systems, 16, 17 photonic displays, 18 and structural coloration. [19] [20] [21] Among the broad variety of core-shell particles studied to date, especially those consisting of ceramic materials are very robust and suited for applications in hostile chemical environments, or at elevated processing and operating temperatures.
Inorganic cores encapsulated by silica shells are probably one of the most widely studied types of core-shell particles.
Silica coatings can be grown on various inorganic materials, including metals, 15, 22 semiconductors, 12 and high band gap metal oxides. [23] [24] [25] Usually, the Stöber method is adapted to grow silica shells with well-controlled thickness. In general, silica encapsulation decreases the particles' initial polydispersity and surface roughness. Furthermore, silica is optically transparent and has good mechanical, chemical, and thermal stability. Using well-established silane coupling chemistry, the silica shells can easily be functionalized and bioconjugated, as has been shown, e.g., for uorescent nanodiamonds and magnetic nanoparticles. 11, 12 In other examples, gold nanoparticles have been coated with differently thick silica shells to tune the optical properties of thin lms assembled from these particles. 26 Further, photonic display pixels have been fabricated using silica encapsulated iron oxide nanoparticles. 27 Zirconia is an interesting core material. Ceramics based on ZrO 2 have excellent mechanical properties, are chemically inert, and have low thermal conductivity. In addition, they are heatresistant and used, e.g., as thermal barrier coatings (TBCs) in jet engines. Furthermore, zirconia has a high refractive index (>2 in visible and NIR range) and is well-suited for various optical applications. For example, zirconia-based microparticles have been used for the fabrication of photonic glasses, which may nd applications in advanced TBCs. [28] [29] [30] [31] Another study proposed the application of zirconia microparticles for the design of novel NIR absorbers/emitters to enhance the efficiency of TPV systems. 32 Furthermore, zirconia-based microceramics are of interest for the fabrication of heatresistant structural coloration. 19, 33 The sol-gel synthesis of ZrO 2 @SiO 2 core-shell nanoparticles has been reported in previous works by Bai et al. 23 and Yang et al. 24 They proposed applications of these particles for the selfassembly-based fabrication of functional optical devices and coatings with adjustable refractive index. In another study, zirconia nanoparticles were silica coated to enable their surface functionalization via silane coupling chemistry. 34 The modied zirconia particles were then used to provide quartz ber reinforced composites with radiopacity. ZrO 2 @SiO 2 core-shell particles are also highly promising, e.g., for structural coloration and advanced optical coatings. It is also expected that they could be well-suited for processing at elevated temperatures and for various high-temperature applications, as already mentioned above. Thus, there is a need to study the thermal stability of ZrO 2 @SiO 2 core-shell particles.
When heated to several hundred degree centigrade sol-gel derived zirconia submicron particles shrink signicantly and transition, rst, from the amorphous (a) to the metastable tetragonal (t) phase and, later, to the stable monoclinic (m) phase. 28, 35, 36 These transitions are associated with signicant grain coarsening and the t / m transition is accompanied by a 5% volume increase of formed crystallites. 37 As a result, submicron zirconia particles disintegrate aer calcining at 850 C. 28 However, since earlier studies have shown improved phase stability in sol-gel derived ZrO 2 -SiO 2 mixed oxides, 38, 39 it is conceivable that silica encapsulation may signicantly improve the thermal stability of zirconia submicron particles.
Thus, the objective of our present study was to characterize the thermal stability of ZrO 2 @SiO 2 core-shell submicron particles. To this end, ZrO 2 @SiO 2 core-shell particles were synthesized using an improved seeded growth protocol, which enables the well-controlled deposition of homogeneous silica shells onto pre-calcined zirconia cores without using additional organic coupling agents. The thermal stability of synthesized core-shell particles was explored by calcining them at temperatures ranging from 450 to 1200 C. Thermally induced morphological changes were characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Phase transitions and grain growth were studied by ex situ X-ray diffraction (XRD). Furthermore, cross-sectional TEM lamellae were prepared via focused ion beam (FIB) technique and analyzed by high angle annular dark-eld scanning transmission electron microscopy (HAADF-STEM) in combination with energy-dispersive X-ray spectroscopy (EDX) mapping.
Experimental

Chemicals
Anhydrous ethanol (99.5%) was purchased from Acros, demineralized water (ASC reagent), eicosanoic acid (99.0%), and hydroxypropyl cellulose (HPC, average M w $ 80 000, M n ¼ 10 000, 99%) were purchased from Sigma-Aldrich, and zirconium(IV) n-propoxide (70% in n-propanol) was purchased from Alfa Aesar. These chemicals were used for the synthesis of zirconia cores. Denatured ethanol (96%) from Grüssing was used for purication.
Anhydrous tetrahydrofuran (THF, $99.7%) was purchased from VWR, anhydrous ethanol (99.5%) from Acros, demineralized water (ASC reagent) from Sigma-Aldrich, ammonium hydroxide solution (28% NH 3 in H 2 O) from VWR, and tetraethyl orthosilicate (TEOS, 99%) from Alfa Aesar. These chemicals were used for growing silica shells on zirconia cores. Demineralized water (Millipore Simplicity System, 18.2 MU cm) and denatured ethanol (96%) from Grüssing were used for purication.
Materials and methods
Synthesis of ZrO 2 cores. Spherical zirconia submicron particles were prepared according to previous studies of Widoniak et al. 35 and Leib et al. 28 Slight modications of the protocol were necessary to obtain particles with diameters of $300 nm (before calcination). The reaction was carried out under nitrogen atmosphere using an EasyMax 402 Basic Plus Synthesis Workstation (Mettler Toledo). Anhydrous solvents were used to exclude oxygen and to control the water content precisely.
Synthesis of submicron zirconia particles: 21 mg (0.067 mmol) eicosanoic acid and 30 mg HPC were dissolved in 45 mL anhydrous ethanol using a 100 mL reactor vessel. Prior to use, ethanol was dried over 0.4 nm molecular sieves and ltered through a polyethersulfone (PES) syringe lter (0.1 mm pore size) to remove dust of the drying agent. The clear solution was heated to 60 C under stirring (550 rpm). Meanwhile, 1.655 g (5.54 mmol) zirconium n-propoxide were sonicated (Badelin, Sonorex Super RK 106) for 10 min. Aer adding 200 mL of demineralized water to the ethanolic solution of stabilizers, the undiluted zirconia precursor was added quickly by using a syringe (Vivomed, 2.00 Â 120 mm). Some seconds aerwards, the solution turned white (induction time) and the suspension was stirred continuously (550 rpm) for 3 h. For purication, the obtained suspension was added to 50 mL ice-cooled ethanol and then centrifuged (À5 C, 5 min, 6000 Â g) to separate the particles from the supernatant. In three additional washing steps (each step $35 mL ethanol), the centrifugation speed was gradually reduced by 500 Â g down to 4500 Â g. Finally, the zirconia particles were resuspended by sonication for 5 min in 15 mL ethanol.
Growth of SiO 2 shells. The encapsulation of calcined (400 C, 3 h, heating ramp: 5 C min À1 , cooling rate: #5 C min À1 ) ZrO 2 submicron particles with a silica shell was performed under nitrogen atmosphere using an EasyMax 402 Basic Plus Synthesis Workstation (Mettler Toledo) in two steps. First, in a modied Stöber pre-encapsulation step, 120 mg ZrO 2 submicron particles were sonicated for 30 minutes in 55.5 mL THF. Aerwards, 500 mL demin. water were added under stirring (550 rpm) to the suspension, which was then heated to 60 C. Then, 7.5 mL TEOS were added and the suspension was stirred for $19 h. For purication, the suspension was cooled down to 0 C and centrifuged (0 C, 5 min, 4000 Â g) four times (each step in $35 mL ethanol) to remove silica primary particles. The particles were then resuspended by sonication for 5 min in 120 mL ethanol. In the second step, the suspension of pre-encapsulated ZrO 2 @SiO 2 -seeds particles was sonicated for 30 min, before adding 4.5 mL demineralized water and 2.35 mL ammonium hydroxide solution under stirring (550 rpm) at room temperature. Aerwards, the reaction mixture was heated to 30 C and stirred (550 rpm) for 30 min, before the addition of 0.3 mL TEOS and 4.5 mL demineralized water. Aer additional 75 min and 150 min, respectively, two further additions of, both, 0.102 mL TEOS and 0.114 mL demineralized water followed. Finally, 75 min aer the last addition, the reaction was quenched by adding the reaction suspension to 50 mL icecooled ethanol. The obtained core-shell particles were puri-ed by repetitive centrifugations (À5 C, 4 min, 4000 Â g), two times aer resuspension in ethanol, followed by two times aer resuspension in demineralized water. Finally, the particles were resuspended by sonication for 5 min in 10 mL ethanol. The above described procedure yielded ZrO 2 @SiO 2 core-shell particles with an average shell thickness of $38 nm. The silica shell thickness could be adjusted by varying the number of additions and the amounts of TEOS and water added to the reaction mixture.
Heat treatments and characterization of particle samples. The zirconia core particles were rst dried at 80 C for 4 h in an oven (Heraeus Vacutherm VT, Thermo Scientic). Then, they were calcined at 400 C for 3 h in a muffle oven (L9/SKM, Nabertherm GmbH) with a heating ramp of 5 C min À1 and a cooling rate of #5 C min À1 under ambient atmosphere, before performing the encapsulation with a silica shell. Aer silica encapsulation, the obtained core-shell particles were dried at 80 C for 4 h in an oven (Heraeus Vacutherm VT, Thermo Scientic). Particle sizes, shell thicknesses, and size distributions were determined by TEM (JEOL JEM-1011; Phillips CM 300) as shown in the ESI ( Fig. S1 and S2 †). Aerwards, the obtained core-shell particles were calcined in the temperature range from 450 to 1200 C. For comparison, the bare zirconia core particles and the pre-encapsulated ZrO 2 @SiO 2 -seeds particles were heat-treated the same way. The calcination up to 1000 C was done using the muffle oven, whereas the calcination at 1200 C was done using a tube furnace (SFT 16/100 from Carbolite). For all heat treatments the same heating ramp (5 C min À1 ) and cooling rate (#5 C min À1 ) were used and the maximum temperature was hold for 3 h (see ESI, Fig. S4 †) . To analyze changes in size and shape of the particles upon calcination, the samples were characterized by TEM (JEOL JEM-1011; Phillips CM 300) and SEM (EVO MA 10; Leo Type 1550 Gemini, both Zeiss). Furthermore, cross-sectional lamellae of core-shell particles were prepared via FIB technique (FEI Helios NanoLab G3 UC) and characterized by TEM, HAADF-STEM and EDX mapping (Thermo Scientic, Talos F200X). Additionally, the particles were characterized by ex situ XRD (Philips X'Pert PRO MPD). For the analysis of phase compositions, the obtained diffractograms were background corrected and evaluated using the soware Maud 2.76 and its built-in Rietveld renement tool. 40 For this purpose, an instrument calibration was conducted prior to the sample measurements in order to account for instrumental broadening. Crystallographic information for all zirconia phases originated from a work by Howard et al. and were obtained from the ICSD online database (ICSD codes: 62993, 62994, 62995). 41 Grain sizes were determined using the Scherrer equation as described in detail in the ESI. † Additionally, TGA-DSC measurements were performed using a STA 449 F5 device from NETZSCH with a heating rate of 5 C min À1 and under air ow of 30 mL min À1 .
Results and discussion
Synthesis of ZrO 2 @SiO 2 core-shell particles Fig. 1 shows the strategy we used for the sol-gel synthesis of ZrO 2 @SiO 2 core-shell particles. We were especially interested in exploring the synthesis and properties of submicron coreshell particles with core sizes ranging from 100 to 400 nm. Such particles are of signicant interest for photonic applications in the visible range, such as structural colors, 19 and the design of optical materials with adjustable refractive index. 24 Furthermore, sol-gel derived zirconia particles exhibit a phase transition from the metastable tetragonal (t) phase to the monoclinic (m) phase upon thermal treatment. 35, 36, [42] [43] [44] As this t / m transition is associated with a volume expansion of 5% (ref. 37 ) it leads to stress-induced destabilization of the particles. Because grain coarsening and the t / m transition proceed in smaller submicron particles at lower temperatures than in larger micrometer-sized particles, 28 they are especially suited to study possible grain growth attenuation and phase stabilization via silica encapsulation.
Synthesis of ZrO 2 cores
Over the past three decades, various protocols have been elaborated for the wet-chemical synthesis of zirconia particles. Based on some of these previous works 35, 42, [45] [46] [47] we reported a facile sol-gel method for the synthesis of submicron zirconia particles with diameters ranging from 0.4 to 0.9 mm. 28 In that approach, zirconia particles were formed by the hydrolysis of zirconium alkoxide precursors in the presence of carboxylic acid stabilizers. In order to further decrease the particle size for our present study we modied our previous protocol by adjusting various parameters, including the stabilizer composition and the amount of water added, as detailed in the Experimental section.
The application of hydroxypropyl cellulose (HPC) as an efficient stabilizer in the sol-gel synthesis of powders and nanoparticles (e.g., for TiO 2 , 48 ZrO 2 , 49 PbS, 50 and ZnS nanoparticles 51 ) has already been established. As the addition of HPC seems to favor the stabilization of relatively small particles 52 we used HPC (in addition to previously used eicosanoic acid) as stabilizer for the synthesis of ZrO 2 particles with diameters below 0.4 mm. This approach yielded spheroidal particles with a mean diameter of $270 nm (aer calcination at 400 C for 3 h) and quite narrow size distributions (7-12% standard deviation). Fig. 2 (a) shows a representative TEM image of prepared zirconia cores. Details on sizing statistics can be found in the ESI (Fig. S1 †) . The TEM image captured at larger magnication ( Fig. 2(a) , inset) reveals a quite rough particle surface with occasionally attached $10-30 nm sized granular structures. This morphology is attributed to the formation mechanism of the particles, in which primary particles with sizes in the 10-20 nm range are initially formed, which then aggregate to form the nal particles, as indicated in Fig. 1 . 35, 45, 53 Growth of SiO 2 shells So far, only very few studies have been published regarding the synthesis of ZrO 2 @SiO 2 core-shell particles. As pointed out by Bai et al. 23 growing a homogeneous silica shell onto zirconia cores is challenging. They reported that pre-adsorption of PVP improved the colloidal stability of zirconia cores and enabled the deposition of homogeneous silica shells via hydrolysis of TEOS. However, a polymeric adhesion layer may compromise the thermal stability of such core-shell particles. A different approach, which does not require the need of a polymeric interfacial layer, was reported by Yang et al. 24 In order to initiate the growth of homogeneous silica shells, without inducing particle aggregation, they rst adsorbed citric acid onto the particles' surface. This step decreased the negative zeta potential of the particles and, thus, enhanced the colloidal stability. Further, it was proposed that the adsorbed citric acid molecules served as a surface coupled catalyst for the hydrolysis of TEOS. As a result, they obtained non-aggregated ZrO 2 @SiO 2 particles with adjustable shell thicknesses.
Here, we developed a facile seeded-growth approach for the growth of dense and homogeneous silica shells on zirconia cores without the need of any additional pre-adsorbed organic material. In the rst step, silica seeds were deposited onto the zirconia cores (pre-calcined at 400 C for 3 h), as indicated in Fig. 1 . This was achieved by the hydrolysis of TEOS in THF in the presence of zirconia cores at elevated temperature (60 C). The particles with silica seeds attached (ZrO 2 @SiO 2 -seeds particles) were then separated from non-bound silica clusters via centrifugation. The TEM image in the inset in Fig. 2(b) indicates that, aer silica seed deposition and drying at 80 C for 4 h, the surface roughness of the particles was somewhat more pronounced. However, in order to clearly prove the deposition of silica, the ZrO 2 @SiO 2 -seeds particles were characterized using EDX analysis. Fig. 3 shows an EDX line scan analysis across a single, pre-encapsulated zirconia particle. The Si signal clearly proves the successful deposition of silica at the particle's surface.
In the second step, silica shells were grown on the seed covered core particles. To this end, the seeded cores were redispersed in ethanol and, aer addition of ammonium hydroxide solution, TEOS and water were added under mild heating (30 C) . In order to avoid secondary nucleation and growth of silica particles without zirconia cores, it was necessary to keep the TEOS concentration low. Therefore, TEOS and water were added gradually in portions and not at once. Finally, the obtained core-shell particles were separated from the remaining reaction mixture by centrifugation, resuspended in ethanol, and stored in suspension at room temperature until further use. In general, the thickness of the silica shells could be adjusted in the range from 10 to 180 nm by increasing the total amount of gradually added TEOS. However, for our present study, we prepared three samples of core-shell particles with initial silica shell thicknesses of $26, $38, and $61 nm (determined aer drying at 80 C for 4 hours, see the ESI, Fig. S2 †) . Fig. 2 , parts (c)-(f), show representative TEM and HAADF-STEM images of these ZrO 2 @SiO 2 particles aer drying at 80 C for 4 h (c) and calcination at 450 C for 3 h (d)-(f). These images reveal a smooth, compact and homogeneous shell covering the surface of the zirconia cores. With increasing shell thickness some narrowing of the particle size distribution was observed, as reported previously. 23, 24 Further, the HAADF-STEM images in Fig. 2(d )-(f) reveal that calcining the ZrO 2 @SiO 2 particles at 450 C for 3 h decreased the initial silica shell thicknesses to $10, $30, and $50 nm, respectively. We attribute this nding to the loss of residual water and organic components of the silica precursor, similar as reported previously for sol-gel derived zirconia microparticles. This interpretation was conrmed by TGA measurements (see TGA-DSC data provided in the ESI, Fig. S3 †) . 28 It is to emphasize that for successfully growing homogeneous silica shells it was mandatory to rst deposit the silica seed particles and then to separate the obtained seeded zirconia particles from the reaction mixture, before growing continuous silica shells. In a rst set of experiments, we tried to grow continuous silica shells directly onto the core particles by adding relatively high amounts of TEOS. These attempts only yielded SiO 2 particles loosely attached to the zirconia cores, similar as reported by Bai et al. 23 According to the model of LaMer, 54 too high TEOS concentrations lead to homonucleation and subsequent growth of pure silica particles, competing with silica shell growth. As a result, very heterogeneous samples were obtained, initially.
Thermal stability Shape stability. In order to study the shape stability of ZrO 2 @SiO 2 core-shell particles upon heating they were calcined for three hours at 450, 800, 1000, and 1200 C (heating rate Fig. 3 EDX line scan analysis of a pre-encapsulated ZrO 2 @SiO 2 -seeds particle. The silicon sum line profile (10 lines, green) confirms successful deposition of silica on the particle's surface (left). The green lines shown in the STEM image of the particle indicate the positions of the 10 line scans used to produce the sum line profile (right). 5 C min À1 ; temperature proles are provided in the ESI, Fig. S4 †) . As reference sample, the bare core particles were heattreated the same way. SEM images presented in Fig. 4 show the bare ZrO 2 core particles, ZrO 2 @SiO 2 core-shell particles (initial shell thickness: $38 nm), as well as pre-encapsulated ZrO 2 @-SiO 2 -seeds particles aer calcination. Aer 450 C, the bare particles had a rough surface, most likely due to aggregation of primary particles during particle formation (see Fig. 1 ). 35, 45, 53 Aer calcination at 800 C, however, signicant grain coarsening is observed, leading to degradation of the original spheroidal particle shape. Upon calcination at 1000 C, progressive grain growth destroyed the original shape of the bare particles. Finally, calcination at 1200 C yielded larger facetted particles with irregular shape and a rather broad size distribution.
In striking contrast, the core-shell particles were stable and shape persistent, even aer calcination at 1000 C. Aer heating to 450 C, the shell surface appears rather smooth. Overall, this morphology did not change aer increasing the temperature to 800 and 1000 C. Finally, aer calcination at 1200 C also the core-shell particles disintegrated completely. The SEM image suggests that at such high temperature a molten mass of silica was formed which, upon cooling, solidied with enclosed fractured zirconia cores.
The ZrO 2 @SiO 2 particles with initial shell thicknesses of $26 and $61 nm showed similar shape stability upon calcination. SEM images of these particles aer calcination at various temperatures are included in Fig. S5 of the ESI. † Interestingly, the spheroidal shape of the pre-encapsulated ZrO 2 @SiO 2 -seeds particles was also preserved aer calcination at 1000 C (see Fig. 4 ). However, in contrast to the ZrO 2 @SiO 2 core-shell particles, progression of grain coarsening with increasing temperature was clearly observable. Aer calcination at 1200 C, the ZrO 2 @SiO 2 -seeds particles also lost their spheroidal shape, but the formed grains were obviously smaller than in case of the bare zirconia particles.
Phase stability and grain growth. In accordance with previous studies, 28, 35, 36 the as-prepared zirconia particles are amorphous (ESI, Fig. S6 †) . Aer calcining the bare core particles at 400 C for 3 h, the amorphous phase mainly transitioned to the tetragonal phase. Only a very faint signal in the XRD data indicated the formation of the monoclinic phase (ESI, Fig. S6 †) . However, aer calcination at 450 C a minor monoclinic fraction (<20 wt%, determined by Rietveld renement) was clearly detectable, as seen by the XRD data in Fig. 5(a) . We attribute this early formation of the monoclinic phase to small isolated grains, which are loosely attached to the particles' surface (see Fig. 2(a) , inset). According to literature, isolated tetragonal crystallites transition more rapidly to the monoclinic phase than aggregated ones. 37 Aer calcination at higher temperatures, the bare zirconia particles gradually transitioned to the monoclinic phase. Upon calcining at 600 C only a very small residual tetragonal fraction is still observed and aer heating to 800 C the t / m transformation was complete.
It is well known that sol-gel derived amorphous zirconia rst transitions from the amorphous state to the metastable tetragonal phase and, upon further increasing the temperature, to the stable monoclinic phase. 35, 36, 43, 44, [55] [56] [57] [58] [59] [60] [61] [62] The initial transition to the tetragonal phase is attributed to the local coordination environment and short-range order in the amorphous phase that is more similar to the tetragonal rather than the monoclinic polymorph. 36, 56, 59, [62] [63] [64] Thus, the initial crystallization yields the tetragonal phase. The thermodynamically stable Fig. 4 SEM images of bare ZrO 2 cores, ZrO 2 @SiO 2 core-shell particles (initial shell thickness: $38 nm), and pre-encapsulated ZrO 2 @SiO 2 -seeds particles after calcination at 450, 800, 1000, and 1200 C for 3 h (heating rate: 5 C min À1 ). Scale bars in the top left SEM image and the inset (ZrO 2 , 450 C) apply to all other SEM images and insets, respectively. monoclinic phase is formed only aer heating to higher temperatures.
The phase transitions presented in Fig. 5(a) are very similar to those reported earlier for somewhat larger submicron zirconia particles (diameter: $0.75 mm, aer calcination at 450 C). 28 However, in our present study, the particles started to transition to the monoclinic phase already at lower temperature. In general, tetragonal grain growth is less inhibited in smaller particles. 28, 65 Thus, in the case of presently studied smaller particles the critical tetragonal grain size, at which the phase transition occurs (see below), is already reached at lower calcination temperature.
The XRD data shown in Fig. 5(b) reveal a striking inuence of silica encapsulation on the phase stability. The data show the phase transitions of the ZrO 2 @SiO 2 core-shell particles with an initial shell thickness of $38 nm. While the bare zirconia cores had transitioned almost completely to the monoclinic phase aer calcination at 600 C, the initial phase composition of the silica encapsulated cores (>80 wt% tetragonal, <20 wt% monocline, aer 450 C) changed only marginally aer calcination at temperatures of up to 800 C ($70% tetragonal, $30% monoclinic). The main phase transition to the monoclinic phase was observed aer heating to 1000 C. Finally, aer calcination at 1200 C, the t / m transition was nished ($94% monocline) and the core-shell structure of the particles was lost (see Fig. 4 ).
The ZrO 2 @SiO 2 particles with the initial shell thicknesses of $26 and $61 nm, showed very similar phase transitions as those shown in Fig. 5(b) . For comparison, Fig. 5(c) presents XRD data of core-shell particles with the three different shell thicknesses aer calcination at 800, 1000, and 1200 C. In all three samples the t / m transition occurred mainly when the samples were heated to 1000 C. The data reveal only minor differences in phase stability.
In contrast, a clear difference in phase stability was observed for the pre-encapsulated ZrO 2 @SiO 2 -seeds particles. The XRD data shown in Fig. 6 clearly indicate that the initial treatment of the core particles with the silica precursor (TEOS) already led to some stabilization of the tetragonal phase. However, the effect was much less pronounced than in the case of the core-shell particles. A major fraction of the silica seeded particles transitioned already aer calcination at 600 C to the monoclinic phase and aer calcination at 1000 C the t / m transformation was nearly nished.
It is to note that within the considered temperature range of up to 1200 C our XRD data did not indicate the formation of zircon (ZrSiO 4 ). This nding is in agreement with the study of Monte et al., 38 who explored phase transitions in ZrO 2 -SiO 2 binary oxides at similar temperatures. However, Aguilar et al., 39 who also studied the crystallization of zirconia in ZrO 2 -SiO 2 binary oxides, reported the formation of zircon aer calcination at 1200 C (and higher temperatures). In a silica rich mixture they also observed the formation of crystobalite aer calcination at 1300 C, which was absent in our present work.
In order to gain more insight into the microstructural changes aer calcination, the grain sizes were determined aer each thermal treatment (see the ESI † for details). As shown in Fig. 7 the tetragonal crystallite size of the bare zirconia cores core particles (a), and ZrO 2 @SiO 2 core-shell submicron particles with an initial shell thickness of 38 nm (b). XRD data of the bare ZrO 2 cores and the core-shell particles with $26, $38, and $61 nm thick silica shells (c). The samples were calcined for 3 h at different temperatures, as indicated (heating rate: 5 C min À1 ). The bare zirconia cores transitioned almost completely to the monoclinic phase after heating above 600 C, while the core-shell particles still exhibited significant tetragonal phase fractions after heating to 1000 C. was $45 nm aer calcination at 450 C. This size is similar to the critical grain size reported by Shukla and Seal 36 for submicron-sized (500-600 nm) zirconia particles. As they pointed out, for isolated zirconia nanocrystals with sizes up to 10 nm the tetragonal structure is more stable as it provides lower surface energy than the monoclinic phase. For larger isolated nanocrystals the volume free energy becomes the dominating parameter and forces the transition to the monoclinic phase. Thus, isolated tetragonal zirconia nanocrystals grow until they reach a size of $10 nm before they transition to the monoclinic phase. However, in contrast to isolated nanocrystals, the surface energy of tetragonal crystallites in aggregated structures of zirconia nanocrystals is signicantly lower. Furthermore, due to the spatial connement of the crystallites within aggregated structures the hydrostatic strain energy has to be taken into consideration. Because the martensitic tetragonal-to-monoclinic phase transition is associated with a 5% (ref. 37) volume increase, the resulting strain energy makes this transition less favorable. Taking into account these contributions, Shukla and Seal 36 calculated a critical tetragonal grain size of 41 nm in aggregated zirconia particles, which is similar to the maximum tetragonal crystallite sizes observed in our current study (see Fig. 7) .
Aer calcination at 500 C, the apparent tetragonal crystallite size of the bare zirconia particles decreased to $37 nm. This nding is attributed to the predominant phase transition of larger tetragonal grains, leaving behind a population of somewhat smaller crystallites. The formed monoclinic crystallites had an average size of only $30 nm. This observation may suggest that the phase transition is associated with twinning of crystallites to relieve stresses, as reported previously. [66] [67] [68] [69] Aer calcination at 550 C some remaining smaller ($22 nm) tetragonal crystallites are still observed while the majority of larger grains had transitioned to the monoclinic phase with a crystallite size of $35 nm. Upon further increasing the calcination temperature, signicant grain growth is observed leading to monoclinic crystallite sizes >80 nm aer heating to 1200 C. The grain size of $95 nm indicated for the calcination temperature of 1200 C (see Fig. 7 ) must be considered with caution. Due to instrumental broadening, such large crystallite sizes cannot be determined accurately with our XRD equipment.
In striking contrast to the bare zirconia particles, the grain growth of the encapsulated ZrO 2 @SiO 2 particles was strongly inhibited. Aer calcining at 450 C the tetragonal grain size was $29 nm. Aer heating to 500 and 550 C, the grain size apparently decreased somewhat. We attribute this observation to the formation of smaller tetragonal crystallites from residual amorphous zirconia, producing a smaller average grain size. Upon increasing the calcination temperature from 550 to 800 C the tetragonal crystallites grew to sizes of $30, $32, and $34 nm for particles with the initial shell thicknesses of $61, $38, and $26 nm, respectively. At 1000 C the t / m transition occurred to somewhat different extent (see Fig. 5 ) for the three samples, leaving behind differently sized tetragonal crystallites. However, as a general trend it was observed that, for each calcination temperature, the tetragonal crystallite size was smaller the thicker the silica shell was. Thus, the attenuation of grain growth became somewhat more effective with increasing shell thickness.
The monoclinic crystallites, which were formed aer calcination at 1000 C, had a size of only $20 nm. Similar to the t / m transition of the bare zirconia cores, these crystallites were much smaller than the remaining tetragonal grains. As already Fig. 6 XRD data of pre-encapsulated ZrO 2 @SiO 2 -seeds particles. The samples were calcined for 3 h at different temperatures, as indicated (heating rate: 5 C min À1 ). The major fraction of the initial tetragonal phase had transitioned to the monoclinic phase after heating to 600 C. Fig. 7 Crystallite sizes (grain sizes) of bare ZrO 2 cores (black), preencapsulated ZrO 2 @SiO 2 -seeds particles (brown), and completely encapsulated ZrO 2 @SiO 2 core-shell particles (red, blue, green) after calcination at different temperatures (squares: tetragonal phase; circles: monoclinic phase). Crystallite sizes were determined from XRD data using the Scherrer equation. Due to instrumental broadening, crystallite sizes above $80 nm can only be considered as rough estimates of the actual crystallite size. mentioned, we attribute this observation to the relief of stress via twinning. [66] [67] [68] [69] Aer sintering at 1200 C the monoclinic crystallites grew to sizes of 27 to 32 nm.
Compared to the bare zirconia cores and the fully encapsulated ZrO 2 @SiO 2 particles, the pre-encapsulated ZrO 2 @SiO 2seeds particles showed an intermediate progression in monoclinic grain growth aer calcination at 1000 C and 1200 C, see Fig. 7 . These ndings are in general agreement with grain sizes and the shape stability observed in the SEM images of Fig. 4 .
In summary, the deposition of silica shells on zirconia cores enabled a signicant stabilization of the tetragonal phase. This is evidenced by a pronounced shi of the calcination temperature, from 500 to 1000 C, at which the t / m transition is observed. In general agreement with previous studies, this stabilization is associated with a strong inhibition of the tetragonal grain growth.
In order to explain these ndings it is useful to take into consideration the results of previous studies on ZrO 2 -SiO 2 binary oxides. 38, 39 These studies showed that already small amounts (1-10 mol%) of silica stabilize the tetragonal zirconia phase effectively. This stabilization has been attributed to constraint imposed on zirconia crystallites by the surrounding amorphous silica matrix as well as hindered mass transport through the silica matrix. 70 Thereby, crystallite growth is blocked and the tetragonal phase is stabilized by keeping the crystallite size below the critical grain size. 38, 71, 72 Additionally, it has been proposed that the high-melting, covalently bonded silica matrix with a low expansion coefficient impedes the martensitic transition to the monoclinic phase as it requires a volume increase of 5%. 37 We propose that similar mechanisms are responsible for the observed stabilization of the tetragonal phase of ZrO 2 @SiO 2 core-shell particles. In our previous study, 28 we observed that initially formed tetragonal crystallites in submicron zirconia particles are signicantly larger than those found in larger micrometer-sized particles. Thus, grain growth seems to be enhanced in particles with a larger surface-to-volume ratio. This nding indicates that crystallite growth is favored at the particle's surface, most likely because the crystallites are spatially less conned, mass transport at the surface is enhanced, and the overall surface energy decreases as the initially rough surface is smoothened due to consumption of material during grain growth. In line with this explanation and in general agreement with the constraint effect proposed for the phase stabilization in ZrO 2 -SiO 2 mixed oxides, the silica shell attenuates grain growth at the particle's surface because it enforces spatial connement and inhibits mass transport. Thus, in order to grow the tetragonal crystallites, which are covered by a silica shell, to the critical grain size, the calcination temperature has to be increased signicantly.
Another mechanism that may play a crucial role in the t / m transition is related to chemisorption of oxygen. Livage et al. 64 reported that tetragonal zirconia is much more stable when heated in an oxygen-free atmosphere than under air. Srinivasan et al. 62 also observed that the phase transition was accomplished more readily under air than under inert gas. They proposed that chemisorption of oxygen at surface defects (oxygen vacancies) upon cooling below 300 C initiates the t / m transition. Similarly, Collins and Bowman 73 suggested that incorporation of oxygen from the atmosphere eliminates oxygen vacancies and, thereby, facilitates the transition to the monoclinic phase. Furthermore, it has been demonstrated by Penner et al. 74 that in inert atmospheres, the persisting structural defectivity leads to a high stability of tetragonal ZrO 2 up to 1000 C. As the solubility of oxygen in amorphous silica is quite low, 75 and the high Si-O bond energy predicts a low concentration of oxygen vacancies and a low diffusion coefficient of oxygen in silica, [75] [76] [77] a silica shell is expected to provide an efficient diffusion barrier for oxygen. Thus, chemisorption of oxygen at oxygen vacancies of zirconia is impeded and the tetragonal phase is stabilized.
EDX mappings. In order to study thermally induced changes of the core-shell structure, as well as the elemental distribution within the particles, cross-sectional lamellae of the ZrO 2 @SiO 2 particles (initial shell thickness: $38 nm) were prepared aer calcination at 450, 800 and 1000 C and characterized by EDX mapping. The EDX maps for Zr, Si and O are presented in Fig. 8 . The gure also shows the corresponding HAADF-STEM images. Fig. 8(a) shows the HAADF-STEM image of a core-shell particle that was heat-treated at 450 C. The apparent diameter of the zirconia core ($240 nm) is signicantly smaller than the average core diameter of $270 nm, suggesting that the FIB cut through this particle was off-center. Thus, the images of this particle represent the projection of a cap of the particle through the FIB lamella (thickness < 100 nm) and provide insight into the ZrO 2 /SiO 2 interfacial structure. First, the HAADF-STEM image and the Zr map clearly show that the ZrO 2 core has a ne-grained structure with distinct surface roughness. Second, the Si map suggests a closed silica shell covering the ZrO 2 core. On its inner side the amorphous silica shell adapts well to the rough ZrO 2 surface and penetrates deep into pores. This nding conrms the good wettability of zirconia by silica. Third, the O map shows a quite homogenous distribution of oxygen. Only few oxygen decient spots are observed, which match dark spots seen in the HAADF-STEM image, and indicate the presence of pores, which have not been lled (completely) by silica.
The particle that was calcined at 800 C ( Fig. 8(b) ) had an apparent core size of $270 nm, which matches the average core diameter. Thus, this FIB lamella was most likely cut close to the center of the particle. The HAADF-STEM image and the Zr and O maps show that the porosity of the core increased signicantly. Furthermore, the Si map shows a smooth densied silica shell with a thickness of 25-30 nm, in agreement with the HAADF-STEM images shown in Fig. 2(e) . At the ZrO 2 /SiO 2 interface, the two materials appear quite sharply demarcated, though some silica still extends into cavities at the core's surface. Although the Si map indicates no silica at the center of the core, the integrated EDX signal reveals a Si fraction of 1-2 wt% (see the ESI, Fig. S9 and Table S1 †). This nding suggests that a small fraction of silicon may have diffused into the inner core region.
The HAADF-STEM image and the elemental maps of the particle, which was calcined at 1000 C (Fig. 8(c) ), indicates somewhat more pronounced coarsening of the porous core structure. In contrast, the silica shell as well as the ZrO 2 /SiO 2 interfacial region did not indicate any signicant morphological changes. The EDX analysis at the center of the core suggests an unchanged Si fraction of $1-2 wt% (see the ESI, Fig. S9 and Table S1 †).
In general, the EDX analyses of the core-shell particles support our explanation for the observed attenuation of grain growth and phase stabilization. The zirconia cores are enclosed by a homogeneous, dense silica shell with a conformal ZrO 2 / SiO 2 interface, at which amorphous silica penetrates deep into the porous core structure. Thus, the silica shell is expected to effectively block mass transport at the core's surface 70 and to enforce the spatial connement of crystallites. The closed silica shell can also block chemisorption of oxygen at oxygen vacancies and, thereby, suppress the t / m transition. In addition, a small fraction of Si was detected within the core aer calcination at 800 and 1000 C. This nding may suggest that doping by Si may also contribute to the observed phase stabilization. In the literature, the possibility of Si-doping in zirconia has been discussed controversially. On the one hand, Kajihara et al. 70 and Ikuhara et al. 78 suggested that grain growth and mass transport in zirconia are inhibited by Si ions dissolved in the tetragonal zirconia lattice near grain boundaries and by Si segregation across grain boundaries. On the other hand, Guo et al. 79 and Gremillard et al. 80 found that silica forms vitreous pockets of glassy phase at the triple grain junctions.
The HAADF-STEM images shown in Fig. 8 do not provide information on the polycrystalline character of the zirconia cores. Therefore, the FIB lamellae were also characterized by bright eld (BF-) TEM and high resolution (HR-) TEM. The obtained images are presented in the ESI (Fig. S7 and S8 †) . They clearly conrm the polycrystalline nature of the zirconia cores. Also, they show that, aer calcination at 450 C, the zirconia cores still contained amorphous material, besides nanocrystalline domains. Furthermore, the images conrm the formation of a conformal SiO 2 /ZrO 2 interface, as already discussed above. Fig. 8 High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and EDX mapping data (Zr: magenta, Si: green, O: red) of cross-sectional lamellae prepared from ZrO 2 @SiO 2 core-shell particles after calcination at 450 C (a), 800 C (b), and 1000 C (c). The lamellae were prepared from ZrO 2 @SiO 2 core-shell particles with an initial shell thickness of 38 nm using FIB technique.
Conclusions
In summary, spheroidal submicron ZrO 2 particles were synthesized according to a modied sol-gel method using a mixture of eicosanoic acid and hydroxypropyl cellulose (HPC) as stabilizers. Subsequently, the core particles were calcined at 400 C for 3 h. The deposition of silica shells was done in two steps without using any additional organic coupling agents. First, the zirconia core particles were coated with silica seeds in a pre-encapsulation step. Second, silica shells were grown stepwise with thicknesses of $26, $38, and $61 nm by adding TEOS in a modied Stöber approach. The resulting core-shell structure was conrmed by HAADF-STEM imaging.
The bare zirconia cores showed pronounced grain coarsening aer calcination at 600 C and transitioned almost completely to the monoclinic phase. Aer calcination at 1000 C the initial spheroidal particle shape was completely lost. In striking contrast, SEM images of the silica encapsulated zirconia particles did not show obvious morphological changes aer calcination at 1000 C. Further, compared to the bare cores, grain growth was strongly inhibited. However, aer calcination at 1000 C the encapsulated cores transitioned partially to the monoclinic phase, and aer calcination at 1200 C this transition was complete. Aer this heat treatment the core-shell structure was completely disintegrated. Interestingly, the grain growth of the pre-encapsulated ZrO 2 @SiO 2seeds particles showed an intermediate progression compared to the bare zirconia cores and the fully encapsulated ZrO 2 @SiO 2 particles. Although SEM images clearly revealed signicant grain coarsening aer heating to 1000 C, the initial spheroidal shape of the pre-encapsulated particles was still preserved. EDX analyses of cross-sectional lamellae conrmed a smooth, closed shell of amorphous silica encapsulating the zirconia cores. On the inner side, the shell adapted to the rough surface of the core and silica penetrated deep into pores.
Attenuation of grain growth and stabilization of the tetragonal phase was also observed for the pre-encapsulated ZrO 2 @-SiO 2 -seeds particles, but the effect was smaller than for the ZrO 2 @SiO 2 particles with a closed silica shell.
In accordance with previous studies on ZrO 2 -SiO 2 binary oxides, 38, 39 it is concluded that the silica shell hinders mass transport at the particle's surface and spatially connes the crystallites. Thereby, grain growth is blocked and the tetragonal phase is stabilized. Furthermore, previous studies indicated that chemisorption of oxygen at oxygen vacancies can initiate the t / m transition. 62, 64, 73 Thus, the shielding effect of the silica shell, which impedes oxygen diffusion from the surrounding atmosphere to the core, may play an additional role in stabilizing the tetragonal phase. Finally, the Si fraction of 1-2%, which was detected within the zirconia core, may cause lattice distortion and/or the formation of intergranular diffusion barriers and, thereby, contribute to phase stabilization. 38, 39, 70, [78] [79] [80] In view of potential high-temperature processing and applications, our results demonstrate that submicron zirconia particles, which have been encapsulated by a thin, continuous silica shell, are temperature-resistant up to $1000 C.
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